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NORMAL ALKANES AT PLATINUM ANODES 

H.A. L iebhafsky  and W.T. Grubb 

G e n e r a l  Electric R e s e a r c h  & Development C e n t e r ,  Schenec tady ,  N.Y. 

E x t e n s i v e  work o n  d i r e c t  hydrocarbon c e l l s  h a s  shown t h e  normal 
a l k a n e s  to be t h e  most s u i t a b l e  f a m i l y  of  f u e l s  ( 1 ) .  How t h e i r  per- 
formance changes  w i t h  m o l e c u l a r  weight  h a s  c o n s e q u e n t l y  become i m -  
p o r t a n t .  The, most s t r a i g h t f o r w a r d  way o f  e s t a b l i s h i n g  t h i s  r e l a t i o n -  
s h i p  is by measur ing  f o r  a n  anode (or s i m i l a r  anodes)  under  condi-  
t i o n s  i n t e n d e d  to be i d e n t i c a l  t h e  s t e a d y - s t a t e  c u r r e n t  d e n s i t i e s  
s u p p o r t e d  by t h e  s e v e r a l  homologues a t  f i x e d  a n o d i c  o v e r v o l t a g e .  
The a n o d i c  o v e r v o l t a g e  qa  is u s u a l l y  measured as t h e  p o t e n t i a l  
d i f f e r e n c e  EA-R be tween t h e  working anode and a r e v e r s i b l e  hydrogen 
r e f e r e n c e  e l e c t r o d e  i n  t h e  same c e l l .  F i g u r e  1 s h o w s  t h e  r e s u l t s  
of  a n  early comprehensive s t u d y  of t h i s  k i n d . ( l a , b )  

A plot l i k e  F i g u r e  1 is a d e q u a t e  a s  a r e c o r d  o f  e x p e r i m e n t a l  
r e s u l t s  or as a basis f o r  comparing r e s u l t s  f o r  a s i n g l e  f u e l .  But 
when comparisons t h a t  i n v o l v e  more t h a n  one f u e l  a r e  t o  be made, one 
must r e m e m b e r  t h a t  each a l k a n e  (or o t h e r  f u e l )  c a n  s u r r e n d e r  a 
d i f f e r e n t  number, ne ,  o f  e l e c t r o n s  p e r  molecule  upon a n o d i c  oxida-  
t i o n .  Experiment h a s  shown t h a t  t h e  normal a l k a n e s  a r e  o f t e n  corn- 
p l e t e l y  o x i d i z e d ,  y i e l d i n g  H+ and C02 a t  f u e l - c e l l  a n o d e s ( 2 , a , b , c ) .  
When t h i s  is t r u e ,  ne = 6n + 2 f o r  t h e  n ' t h  member of t h e  homologues 
se r ies  of  n o r m a l  a l k a n e s .  

C u r r e n t  d e n s i t i e s  l i k e  t h o s e  i n  F i g u r e  1 w i l l  be e x p r e s s e d  i n  
m o l e c u l a r  u n i t s  ( f u r t h e r  s p e c i f i c a t i o n  u n n e c e s s a r y ) *  i f  each of  them 
is d i v i d e d  b y  t h e  v a l u e  of ne f o r  t h e  c o r r e s p o n d i n g  normal a l k a n e .  
When t h i s  is done ( F i g u r e  2 ) ,  t h e  maxima i n  F i g u r e  1 d i s a p p e a r ,  and 
methane t a k e s  its p l a c e  as t h e  f u e l  o f  h i g h e s t  molecular  performance. 
We have s i m i l a r l y  t r a n s f o r m e d  d a t a  by B i n d e r  and co-workers(2b) ,  and 
b y  C a i r n s ( 2 c )  w i t h  t h e  r e s u l t s  i n  F i g u r e s  3, 4 ,  and 5 .  F i g u r e  3 is 
i n  a c c o r d  w i t h  F i g u r e  2 ;  i n  t h e  o t h e r  f i g u r e s ,  methane f a i l s  t o  
a c h i e v e  t o p  per formance  t o  a d e g r e e  t h a t  i n c r e a s e s  w i t h  EA-R and w i t h  
c u r r e n t  d e n s i t y .  (EA-R and i i n c r e a s e  t o g e t h e r  i n  t h i s  r a n g e . )  

The e x p e r i m e n t a l  c o n d i t i o n s  u n d e r  which t h e  presumed s t e a d y - s t a t e  
c u r r e n t  d e n s i t i e s  were measured v a r i e d  s o  w i d e l y  t h a t  t h e y  w i l l  n o t  
be d i s c u s s e d .  The e x p e r i m e n t a l  c o n d i t i o n s  m o s t  n e a r l y  c e r t a i n  t o  
have g i v e n  t r u e  s t e a d y - s t a t e  c u r r e n t  d e n s i t i e s  are t h o s e  of Binder  and 
co-workers .  Only h e r e  were a l l  f u e l s  a t  a known i d e n t i c a l  p r e s s u r e ,  
1.5 a t m .  The g a s e s  a t  t h i s  p r e s s u r e  f lowed through a n  anode h e a v i l y  
loaded (180 mg/cm2) w i t h  Raney p l a t i n u m ;  u n r e a c t e d  f u e l  and carbon 
d i o x i d e ( 2 b )  bubbled  t h r o u g h  t h e  e l e c t r o l y t e ,  3 N  H2SO4 a t  100'C. The 
f irst  r e a d i n g  was t a k e n  a f t e r  24 h o u r s ,  and s u b s e q u e n t  r e a d i n g s  a t  
2-hour  i n t e r v a l s .  These  d a t a  c o n s e q u e n t l y  p r o v i d e  t h e  b e s t  test of 
w h e t h e r  t h e  maxima i n  performance c u r v e s  d i s a p p e a r  when t h e y  are 
p l a c e d  on a m o l e c u l a r  b a s i s .  Comparison of  F i g u r e  3 w i t h  F i g u r e  5 

/' 

5 *With 10 coulombs a s  t h e  Faraday ,  and w i t h  c u r r e n t  d e n s i t y  i n  
m a / c m 2 ,  t h e  c u r r e n t  d e n s i t y  i n  m o l e c u l a r  u n i t s  ( i / n e )  is lo8 times 
t h e  moles fuel/sec o x i d i z e d  on 1 cm2 of e l e c t r o d e  s u r f a c e .  The num- 
ber of e l e c t r o n s  p e r  molecule ,  ne, y i e l d e d  u p  by t h e  f u e l  d u r i n g  O X i -  
d a t i o n  is of c o u r s e  e q u a l  t o  t h e  e x p e r i m e n t a l  number o f  Faradays  for 
a mole Of f u e l .  When t h e  a n o d i c  r e a c t i o n s  are complex, ne may be On- 
1 y  a n  a v e r a g e  v a l u e .  
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of  Reference  2b shows t h a t  t h e  t e s t  was s u c c e s s f u l l y  p a s s e d .  

A hydrocarbon anode a t  a s t e a d y  s ta te  is a complex sys t em i n  
which v a r i o u s  c o n s e c u t i v e  p r o c e s s e s  ( p h y s i c a l ,  chemica l ,  electro- 
chemica l )  p roceed  a t  t h e  same a b s o l u t e  rate. 
t h e r e f o r e  r a t e -de te rmin ing ,  a l t h o u g h  t h e  rate c o n s t a n t s  associated 
w i t h  each  p r o c e s s  h e l p  e s t a b l i s h  t h e  a b s o l u t e  s t e a d y - s t a t e  rate of 
a l l .  
do n o t  e x i s t .  

N o  one p r o c e s s  is 

R e l i a b l e  d a t a  f o r  t h e  d e t a i l e d  a n a l y s i s  of s u c h  s t e a d y  States 

. Attempt's t o  i n t e r p r e t  c u r r e n t  d e n s i t i e s  as rates i n  terms of 
Overvo l t ages  u s u a l l y  founde r  because  one canno t  e s t a b l i s h  t h e  con- 
t r i b u t i o n s  t h a t  t h e  i n d i v i d u a l  p r o c e s s e s  make to t h e  measured over -  
v o l t a g e .  "Ta fe l  p l o t s "  f o r  t h e  d a t a  o f  F i g u r e s  1 and 2 a p p e a r  i n  
F i g u r e s  6 and 7. Clea r ly ,  t h e s e  p l o t s  are n o t  s t r a i g h t  l i n e s ,  and 
t h i s  t e s t i f i e s  to t h e  complex and composi te  c h a r a c t e r  of t h e  mea- 
s u r e d  o v e r v o l t a g e .  F i g u r e  7 is t i d i e r  t h a n  F i g u r e  6, which s u p p o r t s  
t h e  "molecular  u n i t s "  as more r a t i o n a l  t h a t  m a / c m 2 .  
i n  F i g u r e  7, t h a t  i n c r e a s i n g  anodic o v e r v o l t a g e  i n c r e a s e s  c u r r e n t  
d e n s i t y  more markedly a t  i n t e r m e d i a t e  v a l u e s  of n: t h e  p l o t s  f o r  
CHq and f o r  C16H 4 r e s e m b l e , e a c h  o t h e r .  
d i s c u s s i o n  h e r e  93 ,4 )  has  shown t h a t  methane is adsorbed more s lowly  
on p la t inum t h a n  are its homologues, and t h a t  t h e  oxygena t ion  pro-  
cess on t h e  anode (which leads u l t i m a t e l y  t o  C02) is s i m p l e s t  f o r  
methane. Fo r  t h e  f i r s t  f a c t ,  t h e  symmetry of methane may be  re- 
s p o n s i b l e ;  and t h e  absence  of C-C bonds is r e s p o n s i b l e  f o r  t h e  
second .  The g a i n  i n  per formance  o c c r u i n g  t o  methane f rom t h e  second 
f a c t  appea r s  to  o v e r r i d e  any l o s s  f rom t h e  f i r s t .  The greater e f f e c t  
of  i n c r e a s i n g  o v e r v o l t a g e  on c u r r e n t  d e n s i t y  f o r  t h e  h i g h e r  homo- 
logues  can  be e x p l a i n e d  a s  r e s u l t i n g  from a c c e l e r a t i o n s  in t h e  r a t e s  
of b r e a k i n g  carbon-carbon bonds,  and i n  t h e  rates of  o t h e r  r e a c t i o n s  
t h a t  r i d  t h e  anode of dehydrogenated  a l k a n e  r e s i d u e s .  

N o t e ,  e s p e c i a l l y  

Evidence t o o  e x t e n s i v e  f o r  

Though T a f e l  s l o p e s  c a n n o t  of t hemse lves  e s t a b l i s h  mechanism, 
w e  must admit t h e  p o s s i b i l i t y  tha t  s imi la r i t i es  i n  T a f e l  p l o t s ,  such  
a s , t h a t  between t h e  p l o t s  f o r  CR4 and C16H34, p o i n t  t o  s imi la r i t i es  
i n  t h e  mechanism f o r  anod ic  o x i d a t i o n .  For example,  s u c h  a p o s s i -  
b i l i t y  is t h a t  c e t a n e ,  be ing  a l a r g e  molecule ,  is h e l d  by t h e  s u r -  
f a c e  o n l y  a t  i s o l a t e d  p o i n t s  where anod ic  o x i d a t i o n  o c c u r s  (as f o r  
methane) wi thou t  t h e  b r e a k i n g  o f  carbon-carbon bonds and  pe rhaps  
w i t h  d e s o r p t i o n  o f  i n c o m p l e t e l y  o x i d i z e d  molecu le s .  Note, however, 
t h a t  complete  o x i d a t i o n  t o  C02 has  been shown by Grubb and l i c h a l s k e  
(unpub l i shed)  t o  o c c u r  w i t h i n  e x p e r i m e n t a l  error f o r  t h e  normal 
a l k a n e s  up t o  and i n c l u d i n g  o c t a n e .  The s u g g e s t i o n  j u s t  made f o r  
h i g h e r  a l k a n e s  needs  t o  be tested e x p e r i m e n t a l l y ,  and i t  s e r v e s  a s  a 
reminder  t h a t  ne = 6n + 2 c a n n o t  a lways be t a k e n  f o r  g r a n t e d .  

We s h a l l  use  c u r r e n t  d e n s i t i e s  i n  molecu la r  u n i t s  i n  comparing 
t h e  r e fo rming  of methane b e f o r e  i t  r e a c h e s  t h e  anode w i t h  its d i r e c t  
o x i d a t i o n  a t  t h e  anode.  We make t h i s  compar ison  on t h e  basis o f  t h e  
endothermic  re& t i o n  

CH4 + H20 = CO + 3% (1) 

' A t  a n . o v e r v o l t a g e  of  0 .3  v o l t ,  obse rved  c u r r e n t  d e n s i t i e s  unde r  t h e  
c o n d i t i o n s  of F i g u r e  1 are: CHQ, 13.2 ma/cm2; CO, 58 ma/cm2; H , 
>500 m a / c m 2 .  Expressed  i n  molecu la r  u n i t s ,  t h e s e  c u r r e n t  d e n s f t i e s  

3 become CQ, 1 .65;  CO, 2 9 ;  H2, >250. The a t t r a c t i v e n e s s  o f  re forming ,  
from a k i n e t i c  p o i n t  o f  view, is enhanced when c u r r e n t  d e n s i t i e s  are 
e x p r e s s e d  i n  molecu la r  u n i t s .  

h 



We w i s h  t o  t h a n k  D r .  L . N .  Niedrach  f o r  p r o v i d i n g  u s  w i t h  t h e  CO I 

datum used  above .  

N e  s h a l l  no t  c l a i m  t h a t  t h e  c u r r e n t  d e n s i t y  i n  m o l e c u l a r  u n i t s  is 
a lways  to be p r e f e r r e d  i n  comparing performances o f  d i f f e r e n t  f u e l s  or 
i n  j u d g i n g  t h e  e f f e c t i v e n e s s  of e l e c t r o c a t a l y s t s .  But w e  d o  wi sh  t o  
p o i n t  o u t  t h e  a d v a n t a g e s  of b a s i n g  c u r r e n t  d e n s i t i e s  upon t h e  mole- 
c u l e  - e s p e c i a l l y  when t h e  anode p r o c e s s  is as complex as t h e  s t e a d y  
s t a t e  a t  t h e  hydroca rbon  anode ,  which was a l l u d e d  t o  above .  In t h e  
series of c o n s e c u t i v e  processes t h a t  proceed a t  t h e  s t e a d y - s t a t e  ra te  

a re  known t o  i n v o l v e  t h e  m o l e c u l e .  A f t e r  t h e s e  come t h e  p r o c e s s e s  
(e .g  . , d i s s o c i a t i v e  a d s o r p t i o n ,  e l e c t r o n  t r a n s f e r ,  b r e a k i n g  of bonds ,  
o x y g e n a t i o n )  t h a t  t a k e  p l a c e  o n  t h e  anode s u r f a c e s .  These processes 
are  unknown i n  number and i n v o l v e  unknown i n t e r m e d i a t e  s p e c i e s .  Be- 
c a u s e  one  (or a t  most two)  e l e c t r o n s  a re  t r a n s f e r r e d  i n  a s i n g l e  pro- 
c e s s ,  t h e  number of p r o c e s s e s  i n  which e l e c t r o n  t r a n s f e r  o c c u r s  w i l l  , 
v a r y  from one a l k a n e  to  a n o t h e r  as ne v a r i e s .  By b a s i n g  comparisons 
on  t h e  c u r r e n t  d e n s i t y  i n  m a / c m 2  (or s i m i l a r  u n i t s ) ,  w e  base  t h e  com- 
p a r i s o n  on t h e  i n t e g r a t e d  c o n t r i b u t i o n  o f ' a l l  e l e c t r o n - t r a n s f e r  pro- 
cesses ,  t h e  n a t u r e  and  number o f  which v a r y  f rom one a l k a n e  t o  a n o t h e r .  
Ne hope t h a t  c u r r e n t  d e n s i t i e s  i n  m o l e c u l a r  u n i t s  w i l l  be used  b y  
o t h e r s  a s  a b a s i s  f o r  comparing t h e  a n o d i c  performances o f  d i f f e r e n t  
f u e l s  s o  t h a t  t h e  u s e f u l n e s s  o f  t h e s e  u n i t s  c a n  soon be  d e c i d e d .  

on t h i s  anode ,  t h e  f i r s t  are p r o b a b l y  t r a n s p o r t  p r o c e s s e s ,  and t h e y  I ,  

SUMMARY 
1. C u r r e n t  d e n s i t i e s  i n  m o l e c u l a r  u n i t s  as opposed t o ,  s a y ,  

ma/cm2,. are log ica l  f o r  comparing t h e  performance o f  t h e  v a r i o u s  nor- 
m a l  a l k a n e s  a t  hydroca rbon  anodes .  The s ta tenent  h o l d s  a l s o  f o r  o t h e r  , 
cases . I 

2 .  C u r r e n t  d e n s i t i e s  b e i n g  e x p r e s s e d  i n  molecu la r  u n i t s ,  methane f 

o u t p e r f o r m s  o t h e r  normal  a l k a n e s  a t  f u e l - c e l l  anodes  unde r  c e r t a i n  
s t e a d y - s t a t e  c o n d i t i o n s  w i t h  s u l f u r i c  and phosphor i c  a c i d  a s  e l e c t r o -  
l y t e s .  N i t h  e l e c t r o l y t e s  c o n t a i n i n g  h y d r o f l u o r i c  a c i d ,  t h e  s t a t e m e n t  
d o e s  n o t  ho ld .  F u r t h e r  work is needed ,  b u t  t h e  absence  of carbon-  
c a r b o n  bonds i n  methane s t r o n g l y  s u p p o r t s  t h e  idea t h a t  it r a n k s  
f i r s t  i n  a n o d i c  r e a c t i v i t y  among normal a l k a n e s .  

3. I t  is p o s s i b l e  t h a t  heavy a l k a n e s ,  s u c h  a s  c e t a n e ,  are o x i -  
d i z e d  i n c o m p l e t e l y  a t  anodes  and w i t h o u t  t h e  r u p t u r e  o f  carbon-  
c a r b o n  bonds ,  which would c a u s e  t h e i r  ( p a r t i a l )  anodic o x i d a t i o n  t o  
r e semble  somewhat t h e  a n o d i c  o x i d a t i o n  of methane. F u r t h e r  work is 
needed .  

4 .  C u r r e n t  d e n s i t i e s  i n  m o l e c u l a r  u n i t s  need and d e s e r v e  f u r t h e r  ,r 

t e s t i n g  as a b a s i s  f o r  comparing t h e  performance o f  d i f f e r e n t  f u e l s  
a t  f u e l - c e l l  a n o d e s .  r 
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Figure 1. Performance of normal alkanes as f u e l s .  

NO OF CARBON ATOYS IN NORYAL ALKANES 

Figure 2 .  Performance data of Figure 1 i n  molecular u n i t s .  
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Figure 3 .  Performance data of Reference 2b i n  molecular u n i t s .  

COMPLETE CELLS 
NORMAL ALKANES (P11/35 '/D HF/(PtlO, 
IlO'C 
52 m9 PI/cm' 
NUMERICAL VALUES OF E,." I N  VOLTS ARE 
SHOWN 

NO. OF CARBON ATOMS IN NORMAL ALKANES 

Figure 4 .  Performance data from Reference 2c i n  molecular u n i t s .  
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Figure 7 .  T a f d  p l o t s  for  Figure 2 .  


